2 Mechanical forces are important signals for cell response and development, but detailed molecular mechanisms of force sensing are largely unexplored. The cytoskeletal protein filamin is a key connecting element between the cytoskeleton and trans-membrane complexes such as integrins or the von-Willebrand receptor GPIb. Here we show using single molecule mechanical measurements that the recently reported immunoglobulin domain pair 20-21 of human filamin A acts as an auto-inhibited force-activatable mechano-sensor. We developed a mechanical single molecule competition assay that allows online observation of binding events of target peptides in solution to the strained domain pair.
Sensing of signals is key for every cell to adapt and react to changing environmental conditions. Such signals can be chemical, optical or even electrical in the case of nerve cells.
In recent years, mechanical forces have been identified as important signals for cell development and cytokinesis. Mechanical signals have crucial implications for processes such as stem cell differentiation (1) or the remodeling of cardiac muscle tissue (2) . Even though the sensing of mechanical forces has been postulated in various contexts, molecular mechanisms of force sensing have remained to a large degree elusive.
The cytoskeletal protein filamin is a dimeric actin cross-linker that acts as a signaling hub for various proteins (3) . Two prominent examples for interaction partners are integrins (4) (5) (6) or glyco protein 1 b (GPIb), a constituent of a trans-membrane complex found in platelets that binds to von-Willebrand-factor during blood clotting (7) (8) (9) . Both the filamin-integrin and the filamin-GPIb interactions have been shown to be exposed to mechanical forces in living cells (10, 11) . The filamin monomer consists of an N-terminal actin-binding domain and a sequence of 24 immunoglobulin (Ig) domain repeats that form the filamin rod ( Fig. 1A) .
Within the rod 2 region (Ig domains 16-23, see Fig. 1A ), filamin can interact with transmembrane protein complexes, thus establishing a mechanical connection between the cytoskeleton and the extracellular side. The major interaction sites within rod 2 are the odd numbered domains, specifically domains 17, 19 and 21. The trans-membrane interaction partners bind to these domains through a terminal peptide sequence that forms an additional β-strand extending the β-sheet structure of the domain (12, 13) (Fig. 1B) .
In contrast to the linear arrangement of domains found in many structural proteins like titin, fibronectin or rod 1 of filamin, the Ig domains 18-21 of filamin's rod 2 are arranged in pairs (14, 15) . In those pairs, the A-strand of the even numbered domains is not integrated into the domain structure but binds to the subsequent odd-numbered domain thus inhibiting the 4 interaction of this domain with its peptide ligand ( Fig. 1A and Fig. S1 ). It has been proposed that this special arrangement into domain pairs effects a force sensing mechanism in filamin ( Fig. 1B) (14, 16) . Recent in vitro studies of mechanically strained filamin-crosslinked actin networks have provided further support for a potential force-sensing role of filamin (17) .
In the present study, we have designed and performed single molecule mechanical measurements that provide direct evidence for a force-sensing mechanism of human filamin A. We show quantitatively at the single molecule level, how force increases the binding of interaction partners by shifting the conformational equilibrium of the auto-inhibited filamin domain pair [20] [21] .
Results

Filamin domain 21 interaction with different tethered target peptides.
In a first set of experiments, we investigated the uninhibited mechanical binding strength of domain 21 to different interaction partners: the C-terminal peptide of GPIb's α-chain (GPIbα), the integrin β7 cytoplasmic tail peptide (ITβ7) as well as the filamin-interacting peptide of the integrin regulator migfilin (Mig) (18, 19) . To this end, we fused the respective interacting peptides directly to the N-terminus of an isolated domain 21 of filamin (FLNa21) with a 6 amino acid residues spacer allowing the necessary flexibility (see SI). Force application to the molecular constructs was achieved by tethering the protein termini to 180 nm-long doublestranded DNA molecules through disulfide bonds. The ends of the DNA were functionalized with biotin and digoxigenin, respectively. This allowed attachment to 1 µm diameter silica beads that were manipulated in a dual beam optical trap (Fig. 1B , for details see SI) (20) (21) (22) .
Upon stretching the DNA-protein construct, the force rises steeply beyond extensions of 320 nm, when the DNA is almost fully elongated ( Fig. 2A) . At forces between 7 and 12 pN, rapid near-equilibrium fluctuations of binding and unbinding of the GPIbα peptide can be observed.
The contour length gain during this transition (ΔL = 12.5 ± 0.5 nm) is in excellent agreement with the expected length gain if the 26 amino acid residues of the bound peptide detach and are fully stretched (see Table S1 in the Supporting Information, SI). To obtain a precise analysis of the force-dependent binding/unbinding kinetics of the peptide, we performed measurements where the trap centers were held at a constant separation hence imposing a constant average force-bias on the fluctuating molecule. Since only the separation of the trapping potentials is held constant, the force varies between the closed and open conformation. We define force-bias as the mean of the force acting on the closed/bound and open/unbound state. This allowed us to observe fluctuations between bound (high force) and unbound (low force) states for several minutes at different biasing forces ( Fig. 2B) . At low forces, the molecule dwells predominantly in the bound state with few rapid excursions into the unbound state ( Fig. 2B , lower trace). With increasing force, the equilibrium (black population distributions in Fig. 2B ) shifts to the unbound state together with altered kinetics (upper two traces of Fig. 2B ). The force-dependent population shift provides a direct measure for the free energy of binding in the absence of load of 10.6 k B T (see Fig. S2 and SI text). A dwell-time analysis using a Hidden-Markov-Model (HMM) (22, 23) yields the forcedependent kinetics of GPIbα binding/unbinding ( Fig. 2C ). Unbinding rates (circles) increase with force, while binding rates (triangles) drop with force. For extrapolation of the binding/unbinding branches to zero-force, we used a model that considers the compliance of the unfolded peptide leading to a curvature in the branches (21) . The slopes of the binding/unbinding branches reflect the distance of the transition state from the unbound and bound state, respectively. The sum of those distances (12.3 nm, measured in contour length) 6 as obtained from the fits, is very close to the total contour length of the peptide (12.5 nm), which supports the validity of the analysis. The fast binding rate at zero-load of 34,000 s -1 reflects the effectively high concentration of the ligand due to tethering. For the unbinding rate, we find 1.9 s -1 (see Table S2 ).
In comparison to GPIbα, the ITβ7 ligand exhibits a significantly lower unbinding force ( Table S2 ). Since the unbinding lengths of the tethered ligands and hence the effective concentrations for both peptides are identical, the similar binding rates indicate that rebinding speed is not influenced by details of the sequence. This is further supported by our data of migfilin ( Fig. 2 G-I) that exhibits very similar binding rates. The unbinding rates and the binding free energy of migfilin (6.5 k B T) are in between those of GPIbα and ITβ7 (Fig. S2 ). GPIbα exhibits by far the strongest binding to filamin of all peptides investigated. This finding is particularly important, since platelet integrity critically depends on the mechanical strength of this bond once attached to von-Willebrandfactor during blood clotting (11) . It has been shown that GPIbα binds von-Willebrand-factor on the extracellular side with forces similar to those we find for intracellular filamin-binding (24) . This could provide a stable mechanism to transmit force from the extracellular space to the actin cytoskeleton. The higher free energies of binding and interaction forces of migfilin relative to ITβ7 are consistent with migfilin's role in competing off the cytoplasmic tail of βintegrins from filamin during talin-mediated integrin activation (18, 19) .
Single molecule mechanical competition assay: FLNa21 interaction with ligands in solution.
In their physiological context, the membrane protein tails are not tethered to the filamin domains. Even though our assay gives valuable information about the unbinding kinetics under load, measuring the free binding and unbinding rates of the ligands requires a different experimental approach. Fluorescent single molecule methods cannot be used at the high concentrations necessary for observing binding (up to 100 µM) due to the associated high background. We therefore developed a mechanical single molecule assay that allows direct observation of binding/unbinding events of freely diffusing ligands at those concentrations.
To this end, we observed the opening and closing fluctuations of a tethered GPIbα-FLNa21 construct in the presence of freely diffusing GPIbα peptide in solution ( Fig. 3A ). Under load, the tethered ligand will constantly fluctuate between bound and unbound states as shown above (Fig. 3A , left cartoon). If the construct is in an open conformation, there will be a competition between the tethered ligand rebinding and a free ligand binding from solution. In the latter case ( 
where ! on is the pseudo first-order on-rate, GPIbα is the concentration of ligand and ! open ! is the force dependent probability for the tethered ligand to be in the open conformation ( Fig. S2 ). We measured τ bound and τ unbound as a function of force and at two different ligand concentrations ( Fig. 3C ). As expected, τ unbound decreases with force, since the probability for finding the tethered construct in an open conformation increases. Moreover, τ unbound decreases with increasing solution concentration. From the fits to the concentrationdependent τ unbound -curves we obtain a pseudo first-order on-rate for GPIbα binding of k on = 3.7 (µM*s) -1 . It is important to note that the shape of the fit curves is pre-determined by ! open ! , which is not a fit parameter but measured directly (Fig. S2 ). The off-rate (1/τ bound ) is independent of concentration as well as applied force and we find ! off = 1.8 s -1 . We note that this value is very close to the zero-force value that we extrapolated from the tethered construct in Fig. 2C . This again confirms the validity of the extrapolation methods used above.
The new competition assay now allows to determine the force-free on-and off-rates for all three different peptides (Table S3 and Fig. S4 A and B ). Even though the binding kinetics of those ligands have not been measured before, the equilibrium binding constants (K D ) of the three peptides calculated from the kinetics agree well with bulk measurements (Table S3 ) (25) .
It is interesting to note that with K D 's in the micromolar range and above, as well as lifetimes below a second, all those interactions are very dynamic.
Mechanical response of the auto-inhibition of FLNa20-21.
In a next set of experiments, we utilized the single molecule mechanical competition assay to investigate the force-sensing mechanism of the domain pair FLNa20-21 (16) . Can we see an auto-inhibited conformation of the FLNa20-21 domain pair that is relieved with increasing loads? A force vs. extension curve of this domain pair is shown in Fig. 4A . Upon stretching (blue trace), we observe two major unfolding peaks around 15 and 37 pN, respectively. The lower peak exhibits a contour length change of ΔL = 17.7 ± 0.3 nm and the higher peak has a ΔL of 28.8 ± 0.5 nm. The lower force peak can be directly associated with unfolding of domain 20, while the high peak reflects unfolding of domain 21. This assignment is confirmed by measurements with the isolated domains 20 and 21 ( Fig. S5 ). Compared to other Ig domains of filamin (26) (27) (28) , domain 20 appears much more mechanically labile. 
Discussion
The force-gating characteristic we find for FLNa20-21 is tuned to surprisingly low forces. For comparison, the putative force-sensing titin-kinase domain acting in the high-force environment of muscle was reported to undergo force-activation at around 40 pN (15, 29) .
However, in vivo and in vitro studies of the adhesion forces of integrins to fibronectin as well as the direct force-measurements within load-bearing focal adhesion of living cells have 11 indicated that a relevant force scale within cells may be much lower: on the order of a few pN (30) (31) (32) . The force sensing of filamin seems to be tuned exactly to this force range. Another important aspect of the force sensing of filamin is its smooth opening characteristic. Unlike the common description of force induced structural changes within proteins as all or none events far from equilibrium, we find that filamin shifts its opening probability in a forcedependent and gradual manner from closed to open as indicated in the curve of Fig. 4D . This ensures a precise and well-controlled gating curve even though the involved binding energies lie below 4 k B T. It has been argued that an auto-inhibition of filamin seems unlikely in in vitro experiments, since it could be shown that an excess of ligand alone is able to convert the filamin domain pairs from a closed to an open conformation (33, 34). However, this stood in apparent contrast to earlier reports that the isolated domain 21 binds stronger to ligands than the domain pairs (14) as well as to binding studies on strained filamin-crosslinked actin networks (17) . Our results are now able to reconcile this contradiction. Opening of the domain pair under load is, unlike a mechanical switch, a gradual process that shifts the binding constants by up to a factor of 17, and thus modulates affinity in a force-dependent manner.
A further important aspect of the force transmission through filamin is the transient and dynamic nature of the bonds involved. We find that even the strongest interaction of GPIbα with rod 2 domains of filamin, which critically determines platelet integrity under shear flow forces (11) , is transient with a lifetime of less than a second even in the absence of force.
How can a cell sustain mechanical loads applied over much longer time-scales? A view of the complete force transmission network helps to resolve this issue. Filamin does not offer only a single binding site to trans-membrane receptors but instead, rod 2 has three reported domain pairs ( Fig. 5 ). Therefore, in a dimer of filamin, many interaction sites act in concert leading to a strong avidity effect. Since bond energies are additive, the lifetimes will increase exponentially, which leads to long-lasting multiple bonds. Interestingly, the binding to domain 17 is likely not auto-inhibited (15) . The constitutively active domain 17 may be important for transiently recruiting filamin to the membrane receptor. The subsequent buildup of mechanical tension can then relieve the auto-inhibition of the other domains promoting strong anchoring. The necessity of multiple parallel bonds for stable anchoring is in accord with the idea that the multiple binding sites of filamin can also induce clustering of transmembrane receptors (10, 25) . Alternatively, filamin interactions may be substituted or stabilized by other adaptor molecules. In the case of GPIbα, a candidate for such a molecule is 14-3-3ζ, which is required for firm adhesion and one of the 14-3-3ζ binding sites on GPIbα overlaps with that of filamin (35). An analogous function could be taken by talin in the case of integrin-based adhesion (14, 36) .
In conclusion, we have shown that the rod 2 domains of filamin act as force sensing domains that react to the small cytoskeletal forces acting in cells. The dynamic equilibrium switching of this force sensor may provide a prototype for other force sensors found in living systems.
Materials and Methods
The domain pair 20-21 of human filamin A was genetically inserted between two ubiquitins with terminal cysteines that served as spacers. For the tethered peptide construct, domain 20 was replaced by the filamin-binding region of GPIbα/ITβ7/migfilin, linked to FLNa21 via an additional 6 amino acid glycine-serine spacer. To the terminal cysteines of the construct thiolmodified DNA handles of a length of 180 nm were attached. In order to create a dumbbell geometry, the other biotin/digoxigenin functionalized end was attached to micron-sized neutravidin/anti-digoxigenin silica beads (see Fig. 1B ). The beads were trapped in the foci of a custom-built dual beam optical tweezers setup and subjected to stretch-and-relax cycles or a constant force-bias with fixed trap positions. All measurements were performed in PBS (10 mM phosphate buffer, 2.7 mM potassium chloride and 137 mM sodium chloride, pH 7.4). For the single molecule mechanical competition assay, peptides with the same sequence as the tethered ones were added into the solution.
Transitions between states were detected using a Hidden-Markov-Model analysis on the unfiltered raw data of the difference signal of the two traps. Mechanical force in a strained cytoskeleton will lead to domain-pair opening in the rod 2 segment of filamin allowing the binding to membrane receptors. The simultaneous interaction with many domain pairs will significantly stabilize the cytoskeleton-membrane interaction and potentially induce clustering of receptors.
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Molecular cloning
All protein constructs were inserted between two ubiquitin domains with terminal cysteines using molecular cloning techniques and expressed in E. coli. The ubiquitins serve as spacermolecules to prevent direct reaction of the terminal cysteines later used for DNA-handle coupling. Since ubiquitin domains are mechanically much more stable than Ig domains (1), they do not unfold at our exerted force range and thus do not interfere during the single molecule mechanical measurements.
To study the binding site of domain 21 of human filamin A, the corresponding 13-15 amino acid long binding regions of GPIbα, Migfilin and ITβ7 were tethered to the N-terminus of domain 21 via a flexible 6 amino acid glycine-serine-linker. The resulting amino acid sequences are the following: For investigation of the auto-inhibition mechanism, the following amino acid sequence of domains 20 and 21 was used. To prevent further undesired disulfide bonds in the two-domain construct, one cysteine in domain 21 (Cys2293, all numbers are used as in the crystal structure, PDB ID code 2J3S) and two in domain 20 of human filamin A were mutated to serines (Cys2160, Cys2199). 
Optical tweezers setup
For the single molecule mechanical measurements, an in-house custom build dual beam optical tweezers setup with back focal plane detection and one AOD-steerable beam was used as described by Gebhardt et al. (4) . Trapped beads were calibrated with the technique introduced by Tolić-Nørrelykke et al. (5) . Trap stiffness could be determined with an error of approximately 10% and varied between different experiments from 0.25 to 0.30 pN/nm. Data were acquired at a sampling rate of 100 kHz and averaged to 20 kHz before storage. Detailed data analysis was carried out after the experiment using the difference of both 20 kHz bead signals to increase the signal to noise ratio (6) . The signals were corrected for both crosstalk due to depolarization and proximity of the beams.
Experimental procedure
Protein-DNA constructs were mixed with silica beads (1 µm diameter, Bangs Laboratories, Inc.), which were previously covalently functionalized with anti-digoxigenin Fab fragments (Roche). These constructs were subsequently mixed with streptavidin coated silica beads (1 µm diameter, Bangs Laboratories, Inc.). Measurements were carried out at room temperature in PBS (10 mM phosphate buffer, 2.7 mM potassium chloride and 137 mM sodium chloride, pH 7.4, at 25 °C), with an added oxygen scavenger system (26 U/ml glucose oxidase, 17,000 U/ml catalase, 0.65% glucose). The protein-DNA coupled beads were introduced into a flow cell consisting of a coverslip attached to a glass slide via Nescofilm (Bando Chemical Industries Ltd.) and pretreated with bovine serum albumin (Sigma-Aldrich Co.). Trapped beads were brought into close proximity to build a bead-DNA-protein dumbbell. Protein-DNA concentrations were adjusted to only sparsely cover the beads leading mainly to single tethered dumbbells. The trapping potentials were then separated with a constant velocity yielding force vs. extension traces or held at a constant separation to record force vs. time traces. When a dumbbell was successfully tested for single tether formation through stretchand-relax cycles, further investigations of the reported equilibrium fluctuations followed at various constant trap positions. In the resulting force vs. time traces, the state population and dwell times were determined using Hidden-Markov-Model analysis.
Force vs. extension curves
During constant velocity experiments, where the position of the steerable trapping potential is moved with a constant speed, force vs. extension curves were recorded as shown in Fig. 2 A, D and G. The curve shape could be reproduced with a model describing the elasticity of a DNA-protein-chain. For the low force regime, where the protein is still folded and all tethered ligands bound, the elasticity of the DNA handles could be modeled with an extensible worm like chain model (eWLC). In this model the force is given by
with persistence length ! DNA , contour length ! DNA , elastic modulus K and extension ! DNA . The fit yielded persistence lengths of approximately 20 nm, contour lengths of approximately 360 nm and elastic moduli of approximately 600 pN.
After unbinding of a tethered ligand or unfolding of the protein, a flexible polypeptide chain adds to the compliance of the DNA-protein construct. To account for this, the eWLC describing the DNA with the previously determined parameters was applied in series to a worm like chain model (WLC) (7) for the protein:
with persistence length ! prot set to 0.7 nm, contour length ! prot and extension ! prot .
For forces over 30 pN, the trapping potentials are no longer ideally linear, leading to a slight curvature in the force-extension traces. Therefore the WLC model was applied only for forces below 30 pN.
Contour length increases
Unfolding or tethered ligand unbinding leads to change in contour length of a stretched polypeptide chain. For all investigated constructs the contour length changes were determined through the contour length difference of the fitted WLC models (Table S1 ). The corresponding theoretical values were calculated by subtracting the contour length contribution of the final conformational state from the initial contour length. Contributions of folded parts were measured from the crystal structure of the three domains 19 to 21 of human filamin A (PDB ID code 2J3S). The unstructured amino acid sequence contour length was calculated by multiplying the average contour length per amino acid of 3.65 Å by the number of residues.
Constant distance
To investigate the reported equilibrium transitions caused by the tethered ligand binding and unbinding, the trapping potentials were held at a constant separation and the bead position was recorded over time giving force vs. time traces as shown in Fig. 2 B, E and H. A change of the trap separation causes a different force-bias leading to a shift of the equilibrium of state population. For further analysis, the dwell times for each state were determined via a Hidden-Markov-Model (HMM) analysis.
Hidden-Markov-Model analysis
A Hidden-Markov-Model analysis was performed on the 20 kHz raw data of the difference signal to assign each data point to one of the system's two states as described by Stigler et al. (8) . In brief, the raw data (grey dots in Fig. 2 B, E and H) were coarse grained into typically 200 bins and a histogram of the smoothed data (colored lines in Fig. 2 B, E and H) was calculated in order to identify the initial level positions (maxima of peaks in black histogram in Fig. 2 B, E and H) . The emission values were initialized with Gaussian representation of the states. Each iteration consisted of one pass of the Forward-Backward-Algorithm followed by a re-estimation of the emission probabilities based on the maximum state-probability of each data point. During the iteration process, the emission probabilities were not constrained to Gaussian shapes any more. Iterations were repeated until only negligible numbers of data points (typically less than 0.1%) were reclassified in each step. Afterwards, the lifetime distribution was computed for all assigned states and compared to single exponentials, which can be used as a measure for the performance of the algorithm. The transition probability matrix was adjusted manually to yield optimal lifetime distributions.
Transition rates
After the state assignment by HMM analysis, the off-rates were obtained from single exponentials fitted to the lifetime distributions of each state. Since the tethered peptide binding is well-described by a two-state system, this directly gives the transition rates.
The single exponential fits were applied to normalized integrated lifetimes and took into account that events shorter than a dead time ! min or longer than ! max could not be observed:
with ! max set to the trajectory's length while ! min depended on the applied force bias and ranged between 200 and 800 µs. The extracted rates were afterwards corrected for missed events. The whole analysis procedure is described by Stigler et al. in detail for the general case of a n-state system (8) .
Force-dependent probabilities and determination of equilibrium free energies
For both states, probabilities were calculated directly as the sum of all lifetime histograms for a respective state divided by the trace length. The accuracy of this estimation is limited by the finite measurement time. Therefore, uncertainties were estimated by Monte-Carlo simulations by generation of a trace ensemble based on the measured transition rates and their statistical error. The standard deviation of probabilities obtained from the resulting trace ensemble was assigned as probability error.
In the following calculations, the system bead-DNA-protein-DNA-bead has been simplified to the equivalent system bead-DNA-protein with one effective trap stiffness. The effective bead displacement is then the sum of both bead displacements and the DNA contour length is doubled.
In our constant distance measurements, the trap distances are held constant. Every length change of the protein will be associated with a change in tension, which has to be accounted for in the following calculations. Based on the linker parameters determined by fitting equations 1 and 2 to the stretch-and-relax curves, the energy ! ! ! ! stored by the bead-DNAprotein dumbbell at a force ! ! is given by
with ! ! ! the free energy of the protein in state !,
the Hookean bead displacement energy,
the entropic energy of stretching of dsDNA, and
the entropic energy of stretching of the unfolded protein.
When the system undergoes a transition from an initial state ! to final state !, the force changes from ! ! to ! ! and the energy difference is then given by
Since the probabilities are related to energies according to
we can obtain the energy differences of the protein between states ! and ! by performing a global fit to the probability data with
and weights equal to the inverse of the errors calculated as described before.
The experimental uncertainty of the equilibrium free energy difference ∆! !" ! is dominated by the calibration error of the trap stiffness of about 10%.
Zero-load extrapolation of binding rates
Due to the well defined linear zipping geometry of the tethered peptide constructs, the contour length increase is a well-suited reaction coordinate. The force dependence of measured binding and unbinding rates was fitted with a model introduced previously by Schlierf et al. (4, 9) accounting for the energy differences of the DNA linker and bead displacement between the initial open/closed state ! and the transition state T:
with ! ! ! the binding/unbinding rate constant at zero-load used as a fit parameter. The additional activation energy under force,
consists of the contributions discussed previously. ! T denotes the force acting on the construct at the transition state T between initial state ! and final state !.
The protein length change Δ! !T associated with a transition from ! to T defines the transition state distance measured in contour length to which the system has to contract/extend before binding/unbinding over the barrier occurs.
With this model we can extrapolate the binding and unbinding rates of the tethered peptide to zero-load over a force range of 6 pN. A standard for the applicability of this model is the fact that equilibrium free energies derived from the zero-force rates by ! B ! • ln!(! bind ! ! unbind ! ) lie close to the measured Δ! ! values obtained from equilibrium populations of states (Table S2) . Another test for consistency is the fact that the contour length increases to the transition state, Δ! open,T and Δ! closed,T , add up to the total contour length Δ! (Tables S1 and S2).
In case of the zero-load unbinding-rate ! unbind ! , we can directly compare it to the off-rate determined by our single molecule competition assay. Rates extracted from both methods are in excellent agreement (Tables S2 and S3 ).
Brownian Dynamics simulations
In order to test the state assignment based on the HMM analysis, we performed simulations of our equilibrium measurements and afterwards analyzed these with the same procedures used for the original measurements. Therefore, we simulated the thermal movement of both beads in their traps using Brownian Dynamics (2, 10) . Mimicking the experimental setup, the two beads were connected with a linker consisting of DNA, modeled by an eWLC (Eq. 1), in series with a worm-like chain term (Eq. 2). The contour length of the protein depended on the state (open/closed, Table S1 ), which was determined for each time step using a Monte Carlo generator. The transition probabilities used for the Monte Carlo generator were calculated from the rates determined in the experiment (Table S2) . During the simulation, the response of the two beads to the length change of the protein was calculated using Brownian Dynamics. The signal was treated as in the original experiments. Therefore, data points were taken with 100 kHz and subsequently sampled down to 20 kHz. After the simulation of a full trajectory, the difference signal of the two beads was calculated and analyzed using the HMM method. An example for such a simulated trace is shown in Fig. S6D .
Single molecule mechanical competition assay
Binding and unbinding of ligands added into solution can be monitored online with the following newly developed single molecule mechanical competition assay.
A ligand is tethered as a probe to the domain containing the targeted binding site as described above. During a constant distance measurement with the tethered peptide construct, the same or a different ligand competing for the identical binding site is added into solution in a concentration around the K D . In contrast to similar methods based on a fluorescent signal, we were able to measure ligand concentrations of up to 100 µM since the non-bound ligand in solution gives no mechanical signal. The trap positions were adjusted to the range where the reported equilibrium fluctuations of the tethered ligand could be observed. When the construct is in the unbound state, ligands from solution can bind the unoccupied binding site blocking it for the tethered ligand. This leads to an interruption of the tethered ligand's binding/unbinding fluctuations and the construct gets trapped in the open conformation ( Fig.  S3 ). According to its characteristic off-rate, the ligand unbinds and fluctuations of the tethered ligand start again. By increasing the trap distance, the state population equilibrium of the tethered ligand is shifted to the unbound state and the binding site gets more exposed leading to an increased number of binding events of the ligand in solution.
Compared to ligand added into solution (1-100 µM), the tethered ligand's effective concentration (calculated from measured on-rates of tethered and non-tethered ligand: ca. 10 mM) is at least two orders of magnitude higher. This correlates with a similar discrepancy in dwell times of the open state. The fluctuations of the tethered ligand are much faster than the unbinding/binding events of the solution ligands (see zoom in Fig. S3B ). Therefore we are able to separate between the quenched state and the force-induced fluctuations. To extract the dwell times of the fluctuating and quenched state, an HMM analysis is applied to appropriately smoothed data, where the fluctuating state is averaged to its mean position while the binding/unbinding of solution ligands are still resolved (white trace in Fig. 3 A and  B) . The inverse of the dwell time of the unbound state ! bound corresponds directly to the force and concentration independent off-rate (Fig. 3C ). On the other hand, the dwell time of the fluctuating state ! unbound equals the product of pseudo first-order binding rate ! on , the concentration ligand !and the force dependent probability of the tethered ligand to be found in the open state ! open !(!).
To extract ! on , ! ∶= ! on • ligand is fitted to the measured ! unbound -data ( Fig. 3C ). It is important to note that ! open !(!) was already determined in previous measurements without ligand in solution ( Fig. S2 ) and only ! is optimized during fitting. Combined with the known ligand concentration ligand , this directly gives ! on . An overview of all determined rates is given in Table S2 .
The accessible force range of the competition assay is limited due to the force-dependence of the tethered probe peptide. At the lower limit, the tethered peptide is bound most of the time, thus blocking the binding site, and only very few binding events are observed. With increasing force this number rises thus improving the statistical outcome. Simultaneously, the equilibrium of the tethered ligand is shifted to the open state. Increased dwell times in the open state can cause missed binding events of ligands from solution, which have fast off-rates in the range of the force-induced off-rates. This would lead to an apparent force dependent decrease of the off-rate. Therefore, a constant off-rate is an excellent proof that no binding events are missed.
For the analysis, the fluctuating state is treated as one level (see white traces in Figs. 3, 4 and S2) with a mean position determined by averaging over the fluctuations. When the population distribution of the tethered ligand is shifted by force, also the average extension of the construct is shifted from the shorter closed to the longer open position, while the signal of the quenched state remains at the position of the open state. Thus, the signal difference between quenched and fluctuating state decreases for increasing forces (Fig. S3B, white traces) . As a consequence, data points were only taken starting from forces where a reasonable number of binding events could be observed. At the upper limit we chose forces that lead to a 50% opening probability of the tethered ligand to ensure an exact separation between quenched and fluctuating state.
Analysis of FLNa20-21 opening
For the two-domain construct FLNa20-21, the probability to be in the open state ! open !(!) was determined with two independent methods.
Firstly, the equilibrium fluctuations were directly analyzed using the HMM state assignment, as done for the tethered peptide constructs ( Fig. S6 A-C) . Since the analysis was carried out near the resolution limit at very low forces, we additionally tested the performance of the HMM analysis by reanalyzing data that was simulated using Brownian Dynamics and a Monte Carlo Model based on the parameters extracted from the original data ( Fig. S6 D-F Fig. 4D ).
For a successful dwell time analysis, the baseline of long time traces (typically 100 s) at low forces (2 to 4 pN) has to be constant, as shown in Fig. 4C . Therefore low frequency drift was corrected for, by subtracting a manually adjusted spline. 28.8 ± 0.5 29.5 n.d. Table S1 . Contour length increases. ΔL in column 2 is the experimentally determined contour length increase using the WLC model, which was applied to force-extension traces, as well as to constant distance measurements. Errors are given as the standard error of the mean. ΔL calc in column 3 are calculated contour length increases based on the crystal structure (see SI text). In column 4, the sum of transition state positions (Table S2 , columns 3 and 5) are given as determined by kinetic HMM analysis for constructs where equilibrium measurements were taken. For FLNa20 and FLNa21, no equilibrium measurements were done and therefore the value is not determined. Fig. 2G ) are marked by a black arrow. At higher forces (25-30 pN) the unfolding of FLNa21 takes place as in the sample trace of the two-domain construct FLNa20-21. Furthermore, the migfilin peptide allows the demonstration that the peptide-domain interaction is specific for the folded structure of domain 21. After unfolding the grey retraction curve shows no fluctuations compared to the extension trace at the corresponding force range around 6 pN. At zero-load the domain refolds, allowing repeated un-and refolding cycles with the same molecule. The mean unfolding force lies above the sampled maximal force of 35 pN. Therefore unfolding events are rare and also happen during retraction cycles due to the slow moving speed of 10 nm/s. Fig. S2 ). (D-F) Simulation of the experiment at biasing forces similar to data shown in (A). We performed Brownian dynamics simulations of the experiment with the contour length and kinetic parameters given in Tables S1 and S2, respectively (for details see SI text). The traces were then analyzed with our HMM analysis using the same procedure as for the original data. 
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